Plants are the foundation of terrestrial ecosystems and their colonization of land was facilitated by mutualistic associations with arbuscular mycorrhizal fungi. Following that founding event, plant diversification has led to the emergence of a tremendous diversity of mutualistic symbioses with microorganisms, ranging from extracellular associations to the most intimate intracellular associations, where fungal or bacterial symbionts are hosted inside plant cells. Through analysis of 271 transcriptomes and 122 plant genomes, we demonstrate that the common symbiosis signalling pathway controlling the association with arbuscular mycorrhizal fungi and with nitrogen-fixing bacteria specifically co-evolved with intracellular endosymbioses, including ericoid and orchid mycorrhizae in angiosperms and ericoid-like associations of bryophytes. In contrast, species forming exclusively extracellular symbioses like ectomycorrhizae or associations with cyanobacteria have lost this signalling pathway. This work unifies intracellular symbioses, revealing conservation in their evolution across 450 million years of plant diversification.
A unifying feature of these species that have preserved the symbiosis signalling pathway, but lost AMS, is their ability to engage in alternative intracellular mutualistic symbioses and we therefore suggest that these genes may be conserved specifically with intracellular symbioses throughout the plant kingdom. To test this hypothesis, we added to our initial analysis the only known intracellular mutualistic symbiosis not covered in our sampling: ericoid mycorrhizae, which evolved before the radiation of the angiosperm family Ericaceae. In ericoid-mycorrhiza, ascomycetes colonize epidermal root cells and develop intracellular hyphal complexes 5 . We collected available transcriptomic data from six species, assembled and annotated them, and specifically searched for the presence of SYMRK, CCaMK, CYCLOPS, as well as STR, STR2 and RAD1. Congruent with the loss of AMS, neither RAD1, STR nor STR2 were detected ( Supplementary Fig. 37 ), but SYMRK, CCaMK and CYCLOPS were all recovered from the transcriptome of Rhododendron fortunei roots, but not in the other five transcriptomes derived from leaves or stems ( Fig. 4 , Supplementary   Fig. 37 ).
The receptor-like kinase SYMRK, the Calcium and calmodulin dependent protein kinase CCaMK and the transcription factor CYCLOPS are known components of the common symbiosis signalling pathway and contribute successive steps in the signalling processes triggered by AM fungi and nitrogen-fixing bacteria 2, 39 . Genetic analysis of SYMRK, CCaMK and CYCLOPS have been conducted in multiple angiosperms, including dicots from the Fabaceae, Casuarinaceae, Fagaceae, Rosaceae or Solanaceae families as well as monocots such as rice [40] [41] [42] [43] . In all these species, defects in any of these three genes resulted in aborted, or strongly attenuated, intracellular infection by AM fungi. In addition, knock-out or knock-down in root-nodule symbiosis-forming species resulted in impaired intracellular infection by nitrogen-fixing bacteria 2, 39 . Conversely, CCaMK knock-down in the Fabaceae versions that only contain the kinase domain of CCaMK (CCaMK-K) were cloned under control of a constitutive promoter. If functional, these constructs are expected to induce the expression of root-nodule symbiosis reporter genes such as ENOD11 45 when overexpressed in the Fabale Medicago truncatula roots in absence of symbiotic bacteria, as does the M.
truncatula CCaMK-K construct 45 . All the constructs were introduced in a M. truncatula pENOD11:GUS background and GUS activity monitored in the absence of symbiotic bacteria. CCaMK-K from every tested species resulted in the spontaneous activation of the pENOD11:GUS reporter ( Fig 5) . As a second test of the conservation of CCaMK, transcomplementation assays of a M. truncatula ccamk (dmi3) mutant were complemented with CCaMK orthologs from the above mentioned species. In the presence of symbiotic bacteria, all of the CCaMK orthologs were able to restore nodule formation and intracellular infection in the ccamk mutant ( Fig. 5 and Supplementary Table 5 ).
In legumes, CCaMK phosphorylates CYCLOPS. Phosphorylated CYCLOPS then binds to the promoter and activates the transcription of downstream genes 46 . To determine whether the CCaMK-CYCLOPS module itself is biochemically conserved across land plants, we conducted trans-complementation assays of a M. truncatula cyclops (ipd3) mutant with M. paleacea CYCLOPS. Nodules can be formed in the M. truncatula cyclops mutant due to the presence of a functional paralog 47 . In our assay, M. truncatula cyclops mutants transformed with the empty vector could develop root nodules, but were mostly uninfected. By contrast, transformation with either M. truncatula CYCLOPS or M. paleacea CYCLOPS resulted in the formation of many fully infected nodules in most of the transformed cyclops roots (Fig. 5 ).
Altogether, these assays indicate that CYCLOPS and CCaMK orthologs that evolved in different symbiotic (AMS, root-nodule symbiosis, both) and developmental (gametophytes in M. paleacea, root sporophytes in angiosperms) contexts have conserved biochemical properties.
Infectosome-related genes are conserved in angiosperms with intracellular
symbioses. For a given gene with dual biological functions, co-elimination is not predicted to occur following the loss of a single trait because of the selection pressure exerted by the other, still present, trait 12 . For instance, DELLA proteins that are involved in AMS and are essential players of gibberellic-acid signalling are retained in all embryophytes 48 . To become sensitive to co-elimination, a given gene must become specific to a single trait. This may occur via the successive losses of the traits or via gene duplication leading to subfunctionalization between the two paralogs 12 . Angiosperm genomes experienced multiple rounds of whole-genome duplications 49 and we hypothesized that, besides the common symbiotic signalling pathway, other genes might be specialized to intracellular symbioses following subfunctionalization. We screened our phylogenies for genes that are retained in angiosperm species forming intracellular symbioses but lost in those that have experienced mutualism abandonment. Six genes followed that pattern: KinF, HYP, VAPYRIN, LIN/LINlike, CASTOR and SYN ( Fig. 6, Supplementary Fig. 9 , 16, 21, 22, 23 and 28). Among them, CASTOR is another component of the common symbiotic signalling pathway, while, VAPYRIN and LIN/LIN-like are directly involved in the formation of a structure required for the intracellular accommodation of rhizobial bacteria, the so called infectosome 50-52 , and also functioning in intracellular accommodation of arbuscular mycorrhizal fungi [53] [54] [55] . Similarly, SYN has been characterized in M. truncatula for its role in the formation of the intracellular structures during both AMS and root-nodule symbiosis 56 .
These results demonstrate that, besides the common symbiotic signalling pathway, genes directly involved in the intracellular accommodation of symbionts are exclusively maintained in species that form intracellular mutualistic symbioses in angiosperms, irrespective of the type of symbiont or the plant lineage. Pro-orthologs of these genes are found in species outside the angiosperms, in both symbiotic and non-symbiotic species. Given the overall cellular and molecular conservation observed in AMS processes in land plants, we hypothesize that these genes most likely have an endosymbiotic function in species outside of the angiosperms, but the lack of gene erosion of these genes in non-angiosperms suggests that infectosome-related genes have an additional function that ensures their retention. In angiosperms we see loss of these genes concomitant with the loss of intracellular symbioses, suggesting either that their essential function is now redundant in angiosperms or is supported by gene paralogs resulting from the whole genome duplications that predate modern angiosperms.
CONCLUDING REMARKS
Through comprehensive phylogenomics of previously unexplored plant lineages, we demonstrate that three genes are evolutionary linked to the AM symbiosis in all land plants, including two directly involved in the transfer of lipids from the host plant to AM fungi. We propose that the symbiotic transfer of lipids has been essential for the conservation of AMS in land plants. Surprisingly, we demonstrate that genes associated with symbiosis signalling are invariantly conserved in all land plant species possessing intracellular symbionts, implying the repeated recruitment of this signalling pathway, independent of the nature of the intracellular symbiont. Furthermore, we see evidence for conservation of genes associated with the formation of the cellular structure necessary for intracellular accommodation of symbionts, but this correlation is restricted to angiosperms that have duplicated many of these components. Our results provide compelling evidence for the early emergence of genes associated with accommodation of intracellular symbionts, with the onset of AMS in the earliest land plants and then recruitment and retention of these processes during symbiont switches that have occurred on many independent occasions in the 450 million years of land plant evolution ( Fig. 7 ). Our work also suggests that mutualistic interactions involving extracellular symbionts do not utilise the same molecular machinery as intracellular symbioses, suggesting an alternative evolutionary trajectory for the emergence of ectomycorrhizal and cyanobacterial associations.
Methods

Genome and transcriptome sequencing
Marchantia paleacea
Plant material. M. paleacea thalli previously collected in Mexico (Humphreys) were kindly provided by Dr Katie J. Field and Professor David J. Beerling (The University of Sheffield).
Gemma from these thalli were collected using a micropipette tip and placed into a microcentrifuge tube. 5% sodium hypochlorite solution was used to sterilize the gemmae for about 30 seconds followed by rinsing with sterile water 5 times to remove residual sodium hypochlorite solution. The sterilized gemmae were grown on Gamborg's half-strength B5 medium on sterile tissue culture plates under a 16/8-hour day-night cycle at 22° C under fluorescent illumination with a light intensity of 100 µmol/µm 2 s.
DNA and RNA extraction. Genomic DNA from 8 week old M. paleacea thalli were extracted as described previously 57 . RNA extraction was also carried out from 8 week old M. paleacea thalli using the RNeasy mini plant kit following the manufacturer's protocols. Fragmentation of RNA and cDNA synthesis were done using kits from New England Biolabs (Ipswich, MA) according to the manufacturer's protocols with minor modifications. Briefly, 1µg of total RNA was used to purify mRNA on Oligo dT coupled to paramagnetic beads (NEBNext Poly(A) mRNA Magnetic Isolation Module). Purified mRNA was fragmented and eluted from the beads in one step by incubation in 2x first strand buffer at 94°C for 7 min, followed by first strand cDNA synthesis using random primed reverse transcription (NEBNext RNA First Strand Synthesis Module), followed by random primed second strand synthesis using an enzyme mixture of DNA PolI, RnaseH and E.coli DNA Ligase (NEBNext Second Strand Synthesis Module).
Genome sequencing.
For the M. paleacea genome sequencing, short-insert paired-end and long-insert mate-pair libraries were produced. For the paired-end library, the DNA fragmentation was done using the Covaris (Covaris Inc., Woburn, MA). The NEBNext Ultra DNA Library Prep Kit (New England Biolabs, Ipswich, MA) was used for the library preparation, and the bead size selection for 300-400 bp based on the manufacturer's protocol. The library had an average insert size of 336 bp. For the mate-pair library, preparation was done using the Nextera Mate Pair DNA library prep kit (Illumina, San Diego, CA) following the manufacturer's protocol. After enzymatic fragmentation, we used gel size selection for 3-5 kb fragments. The average size that was recovered from the gel was 4311 bp. Sequencing was carried out on an Illumina HiSeq2500 on 2x100bp Rapid Run mode.
The library preparation and sequencing were carried out by GENEWIZ (South Plainfield, NJ).
Genome assembly. Adapter and quality trimming were performed on the paired-end library using Trimmomatic v0.33 using the following parameters (ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:12). The trimmed paired-end reads were carried forward for assembling the contigs using multiple assemblers.
Scaffolding of the contigs was done using the scaffolder of SOAPdenovo2 58 with the matepair library after processing the reads through the NextClip 59 pipeline to only retain predicted genuine long insert mate-pairs. Assembly completeness was measured using the BUSCO 60 plants dataset.
Transcriptome sequencing. cDNA was purified and concentrated on MinElute Columns (Qiagen) and used to construct an Illumina library using the Ovation Rapid DR Multiplex System 1-96 (NuGEN, Redwood City, CA). The library was amplified using MyTaq (Bioline, London, UK) and standard Illumina TruSeq amplification primers. PCR primer and small fragments were removed by Agencourt XP bead purification. The PCR components were removed using an additional purification on Qiagen MinElute Columns. Normalisation was done using Trimmer Kit (Evrogen, Moscow, Russia). The normalized library was re-amplified using MyTaq (Bioline, London, UK) and standard Illumina TruSeq amplification primers. The normalized library was finally size selected on a LMP-Agarose gel, removing fragments smaller than 350Bp and those larger than 600Bp. Sequencing was done on an Illumina MiSeq on 2 x 300bp mode. The RNA extractions, cDNA synthesis library preparation and sequencing were carried out by LGC Genomics GmbH (Berlin, Germany).
Blasia pusilla
Blasia pusilla was originally collected from Windham County, Connecticut, USA, and maintained in Duke University greenhouse. RNA was extracted from plants with symbiotic cyanobacterial colonies using Sigma Spectrum Plant Total RNA kit. Library preparation and sequencing were done by BGI-Shenzhen. A Ribo-Zero rRNA Removal Kit was used to prepare the transcriptome library. In total, 3 libraries were constructed, which were sequenced on the Illumina Platform Hiseq2000, 150bp paired-ends, with insert size 200bp. 
Marchantia polymorpha subspecies
OneKP transcriptome annotation
A total of 264 transcriptomes from non-angiosperm species were collected from the 1KP project (https://db.cngb.org/onekp/). For each transcriptome, ORFs were predicted using TransDecoder v5.5.0 (http://transdecoder.github.io) with default parameters. Then, predicted
ORFs were subjected to BLASTp v2.7.1+ 65 and PFAM searches against the Uniprot (accessed 11/2018) and PFAM v32 66 database. Results of BLAST and PFAM searches were used to improve final annotation and coding-sequence prediction.
Phylogeny and sequence analysis
Phylogenetic analysis of candidate genes. Homologs of each candidate genes (Supplementary Table 2 ) were retrieved from the SymDB database with the tBLASTn algorithm v2.9.0+ 65 with e-value no greater than 1e-10 (e-value threshold was adapted for highly duplicated gene families) and using the protein sequence from Medicago truncatula as query. To remove short and partial transcript that are abundant in the transcriptomes from the 1KP project, shorter transcript than 60% of the M. truncatula query were removed prior alignment. Sequences were aligned using MAFFT v7.407 67 with default parameter and the resulting alignments trimmed using trimAl v1.2rev57 68 to remove all positions with more than 20% of gaps. Cleaned alignments were subjected to Maximum Likelihood (ML) approach using the IQ-TREE software v1.6.7 69 . Prior to ML analysis, best-fitted evolutionary model was tested for each alignment using ModelFinder 70 as implemented in IQ-TREE. Branch support was tested with 10,000 replicates of SH-alrt 71 . From these initial phylogenies, clade containing the candidate genes were extracted, removing distant homologs, and a new phylogenetic analysis performed as described above. Trees were visualized and annotated using the iTOL v4.4.2 72 . Following gene phylogenies, for genes missing from sequenced genomes, the tBLASTn search was repeated on the genome assembly. This lead to the identification of a number of non-annotated genes that are summarized in Supplementary   Table 6 , and included in Figure 1 and Supplementary Figure 1 . 
Analysis of the Nelumbo CCaMK locus. Reference coding sequence of Medicago truncatula
CCaMK was used as query to search for homolog sequence in three different Nelumbo nucifera genome assemblies 73, 74 . Search was performed using the BLASTn+, with an e-value threshold set at 1e-10 and default parameters. For each hit in the BLAST results, 5 kb of upstream and downstream sequences were extracted using custom Python script. Extracted sequences were then aligned using MAFFT 67 with the genomic reference and the coding sequences of M. truncatula and Oryza sativa.
Signature of selection on CCaMK and CYCLOPS in mosses.
With the exception of Takakia lepidozioides, mosses are not mycorrhizal 75 . We investigated the selection acting on CCaMK and CYCLOPS on the branch before the radiation of mosses but after the divergence of T. lepidozioides (foreground branch). We adopted branch models 76 to identify differential signatures of selective pressure acting on the sequences between the foreground branch and the rest of the tree (i.e. background branches) and branch-site models 77 to identify differential signatures of selective pressures acting on specific sites between foreground and background branches. These models are implemented in the codeml program 78 using eteevol program 79 . In addition to the branch model, we also used the RELAX program 80 to look for relaxation (K<1) or intensification (K>1) of the strength of selection acting on the non-mycorrhizal mosses (mosses clade without T. lepidozioides) compared to the rest of the tree.
These methods calculate different synonymous and nonsynonymous substitution rates (ω = N S ) using the phylogenetic tree topology for both foreground and background branches.
Because (i) the programs used do not accept gap in codon sequences and (ii) there is a negative correlation between the number of sequences and the number of ungapped positions, we used different number of sequences for each analysis. Protein sequences from CCaMK and CYCLOPS orthologs were aligned using MUSCLE v3.8.3 81 . Short sequences were excluded to maximize sequence number while limiting gapped positions compared to CCaMK/CYCLOPS sequences of T. lepidozioides using a custom R script 82 . We opted for 124 sequences for CCaMK and 121 sequences for CYCLOPS corresponding to 1092 and 552 nucleotide positions, respectively (Supplementary Table 3 ). We used likelihood-ratio test (LRT) to assess significance between models ran with codeml. For the branch model, we compare likelihoods from the "b_free" and "M0" models to determine if the ratios are different between background and foreground branches 76 (p-val>0.05 : ωforeground and ωbackground are not different, p-val<0.05 : ωforeground and ωbackground are different). We also compared likelihoods from the "b_free" and "b_neut" models to determine if the ratio on the foreground branch is not neutral 76 Molecular phenotyping. After 8 weeks of colonization, portions of 5 thalli per condition were harvested and frozen in liquid nitrogen. DNA was extracted from frozen thalli material as described in Edwards 84 
MpoCCaMK and MpoCYCLOPS pseudogenes in wild populations
Medicago truncatula root assays
Plasmid construction. The Golden Gate modular cloning system was used to prepare the plasmids as described in Schiessl et al 85 . Levels 0 and 1 used in this study are listed in Supplemental Table 6 and held for distribution in the ENSA project core collection (https://www.ensa.ac. uk/). We used L1 plasmid piCH47811 86 Table 7 ). For nodulation assays, M. truncatula plants with DsRed positive roots were transferred in pots containing Zeolite substrate (50% fraction 1.0-2,5mm, 50% fraction 0,5-1.0-mm, Symbiom) and watered with liquid Fahraeus medium. Wild-type S.
meliloti RCR2011 pXLGD4 (GMI6526) was grown at 28°C in tryptone yeast medium supplemented with 6 mM calcium chloride and 10 µg/mL tetracycline, rinsed with water and diluted at OD600=0.02. Each pot was inoculated with 10 ml of bacterial suspension. Two independent biological replicates were conducted for ccamk and cyclops complementation assays. For ccamk, one biological assay was harvested at 26DPI and scored for the ratio of infected nodules after X-Gal staining, and one at 42DPI scored for the total nodule number.
For cyclops, one biological assay was harvested at 32DPI and one at 49 DPI, both were scored for infected nodules after X-Gal staining and the ratio of fully infected nodules out of the total number of nodules was calculated and used on the box plot (both biological replicates combined).
Data availability
All assemblies and gene annotations generated in this project can be found in SymDB 
